Published: July 6, 2017

Introduction {#sec1}
============

Colorectal cancer is the third most common cancer in the United States, with more than 130,000 patients reported yearly representing nearly 8% of newly identified cancer cases ([@bib22]). Colon cancer arises as a result of a combination of several genetic, epigenetic, and environmental causes. The most common genetic alterations include mutations in *KRAS*, *BRAF*, *TP53*, and members of Wnt and transforming growth factor β pathways ([@bib27], [@bib47]). Epigenetic changes such as DNA methylation, histone modifications, and microsatellite and chromosomal instability, among others, have been linked to colorectal cancer ([@bib14], [@bib46]). Among the environmental risk factors associated with colon cancer, influence of diet has been widely studied and is associated with nearly 80% of colon cancer cases ([@bib38]). Obesity and high-fat and western diets are thought to increase colon cancer risk and recurrence ([@bib9], [@bib33], [@bib34], [@bib39]). However, detailed studies examining the direct impact of individual dietary components (not obesity per se) and the related pathways are lacking.

We have recently shown a role for vitamin A signaling in promoting colorectal tumor growth ([@bib8]). Vitamin A, or retinol, circulates in blood bound to a serum retinol binding protein, RBP4 ([@bib37]). Retinol is a lipophilic molecule that can readily diffuse into cells through the plasma membrane toward a concentration gradient. Retinol can also be transported through a cell surface protein, Stimulated by Retinoic Acid 6 (STRA6) ([@bib7], [@bib25]). Yet a lack of STRA6 does not affect vitamin A homeostasis in most tissues except those where it is very highly expressed, such as the eye ([@bib7]). STRA6 is a dimeric transmembrane protein that functions as a vitamin A transporter as well as a cytokine signaling receptor ([@bib5], [@bib13], [@bib25]). Binding of retinol bound RBP4 (holo-RBP4) to STRA6 leads to activation of a JAK2-STAT3 signaling cascade. JAK2 phosphorylates STRA6 at Y643 in its cytosolic tail and STAT3 is recruited to sites of activated and phosphorylated STRA6. JAK2 phosphorylation of STAT3 causes dimerization and nuclear translocation of STAT3 where it functions as a transcription factor ([@bib5], [@bib6]).

STAT3 is a known driver of oncogenesis ([@bib11]) and indeed, activation of STRA6 signaling was demonstrated to promote tumor progression in a STAT3-dependent manner using a xenograft model of colon cancer ([@bib8]). RBP4 and STRA6 are both upregulated in colon cancer compared with normal colon ([@bib8], [@bib44]). Interestingly, the RBP4-STRA6 pathway is associated with high-fat diet (HFD)-induced metabolic phenotype, and inactivation of this pathway improves insulin resistance ([@bib7], [@bib49]). Obesity is known to increase serum RBP4 levels ([@bib49]), and in a recent study high serum RBP4 levels were correlated to increased colon adenoma risk ([@bib1]). However, a relationship between RBP4-STRA6 pathway and HFD-mediated risk of colon cancer is not established.

Tumor initiation and tumor heterogeneity are driven in part by a population of self-renewing cells constituting ∼1% of the bulk of the tumor called the cancer stem cells (CSCs) ([@bib26], [@bib45], [@bib48]). Differences in genetic, epigenetic, and environmental responses between tumor cells underlie tumor heterogeneity ([@bib15]), as seen in several solid tumors including colon cancer ([@bib48], [@bib50]). CSCs have also been demonstrated to promote tumor recurrence, metastasis, and therapeutic resistance, and have the capacity to repopulate a niche as a heterogeneous tumor from a small number of cells ([@bib29], [@bib31], [@bib45]). The complete network of pathways that regulates CSC self-renewal is not known.

Although the RBP4-STRA6 pathway has been studied in colon cancer tumorigenesis, the exact mechanism by which this pathway induces neoplastic changes is not clear. The effect of RBP4 on tumor growth has not been studied, and whether this pathway affects tumor initiation is unknown. We show here that STRA6 and RBP4 are necessary for optimal expression of stemness markers. The RBP4-STRA6 pathway is required for maintenance of the colon CSC pool and tumor initiation. Furthermore, our results establish the RBP4-STRA6 pathway as a link between HFD feeding and colon carcinogenesis.

Results {#sec2}
=======

STRA6 and RBP4 Expression Are Associated with Poor Prognosis of Colorectal Cancer {#sec2.1}
---------------------------------------------------------------------------------

Analysis of colorectal cancer-free survival data present in the Cancer Genome Atlas (TCGA) available through cBioPortal ([@bib12], [@bib19]) showed a survival disadvantage when STRA6 or RBP4 was highly expressed (hazard ratio = 1.929, p \< 0.05) ([Figure 1](#fig1){ref-type="fig"}A). Similarly to previously published data ([@bib8], [@bib44]), STRA6 mRNA expression levels were found to be markedly higher in samples collected from colon cancer ([Figure 1](#fig1){ref-type="fig"}B) and also in rectal cancer ([Figure 1](#fig1){ref-type="fig"}C) patients (for methods see [@bib24]) compared with the normal tissues. Neoadjuvant chemoradiotherapy (nCRT) is used to treat locally advanced rectal cancer patients. Interestingly, microarray analysis of a cohort of patients ([@bib18]) who responded incompletely or partially to nCRT showed higher levels of STRA6 expression compared with complete responders ([Figure 1](#fig1){ref-type="fig"}D).Figure 1STRA6 and RBP4 Are Upregulated in Colorectal Cancer Patients(A) Kaplan-Meier plot showing differences in disease-free survival percentages between colorectal cancer patients with high or low expression of STRA6 or RBP4. TCGA dataset, available through cBioPortal, was used. H.R., hazard ratio; CI, confidence interval.(B and C) Levels of STRA6 expression in normal versus adenocarcinoma samples (B) and in normal versus rectal cancer patients (C).(D) STRA6 mRNA levels in samples from patients showing complete or partial pathological response to chemoradiation.(E) Data analysis showing levels of RBP4 mRNA in matched samples from primary and liver metastasis of colon cancer.(F) Levels of RBP4 mRNA in rectal cancer patient samples grouped by 3-year recurrence.(G and H) Levels of RBP4 mRNA in colon tumors with high versus low/stable microsatellite instability (MSI) (G) and in tumors with *KRAS* mutation (MUT) versus the wild-type (WT) (H).(I) RBP4 levels measured in serum of KRAS WT (n = 16) and KRAS mutant (n = 14) patients.Boxes represent the sample range and whiskers are 1 SD from the mean. Squares within the boxes represent mean values. ^∗^p \< 0.05; n.s., not significant

Microarray analysis was extended to patient samples with specific clinical phenotypes. Matched primary colorectal cancer specimens and corresponding liver metastases were evaluated. Also, primary rectal cancers with or without 3-year recurrence of disease were studied ([@bib24]). RBP4 expression was elevated in colon cancer metastases compared with primary tumor ([Figure 1](#fig1){ref-type="fig"}E) and in patients who developed recurrent rectal cancer ([Figure 1](#fig1){ref-type="fig"}F). We further investigated whether RBP4 expression was associated with aggressive presentations of colorectal cancer using classifications based on low or stable microsatellite instability and constitutively active *KRAS* mutations. Microarray analysis of these two datasets ([@bib20], [@bib42]) showed that RBP4 expression was significantly upregulated in patient datasets that carry low or stable microsatellite instability ([Figure 1](#fig1){ref-type="fig"}G) or *KRAS* mutations ([Figure 1](#fig1){ref-type="fig"}H). To delineate the contributions of serum versus autocrine secretion of RBP4 in the tumor microenvironment, we measured serum levels of RBP4 in a subset of patients from the KRAS wild-type and mutant groups. There was no difference in the serum RBP4 levels between the two groups ([Figure 1](#fig1){ref-type="fig"}I).

We have previously shown that the RBP4-STRA6 pathway can activate JAK-STAT phosphorylation ([@bib5]) and its target genes MYC, matrix metalloproteinase 9 (MMP9), and vascular endothelial growth factor A (VEGFA) respond to this activation ([@bib8]). Therefore, we analyzed these datasets for differential expression of JAK-STAT target genes. We found that MMP9, MYC, and VEGFA were upregulated ([Figure S1](#mmc1){ref-type="supplementary-material"}A) in the rectal cancer group compared with normal tissue ([@bib24]). In the same dataset, there was also a significant but weak, positive correlation of VEGFA with STRA6 (r = 0.267) and RBP4 expression (r = 0.264) ([Figure S1](#mmc1){ref-type="supplementary-material"}C). MYC and VEGFA levels were also increased in metastatic colon cancer cohort compared with primary tumor ([Figure S1](#mmc1){ref-type="supplementary-material"}B), similar to RBP4 ([Figure 1](#fig1){ref-type="fig"}E). A moderate positive correlation of RBP4 was observed with VEGFA in the primary colon cancer (r = 0.605) and with VEGFA (r = 0.631) and MYC (r = 0.499) in liver metastases ([Figure S1](#mmc1){ref-type="supplementary-material"}D). Together, these results indicate a strong correlation between the RBP4-STRA6 pathway and colorectal cancer. Moreover, the association of STRA6 and RBP4 expression with metastasis, tumor recurrence, and therapeutic resistance suggests a role for these proteins in regulating cancer-initiating cells.

STRA6 and RBP4 Regulate Pro-survival Properties {#sec2.2}
-----------------------------------------------

To examine the effect of STRA6 and RBP4 on colon cancer growth we generated, using lentiviral short hairpin RNA (shRNA), SW480 colon adenocarcinoma cell lines in which STRA6 or RBP4 were stably downregulated ([Figures 2](#fig2){ref-type="fig"}A--2C). Knockdown of STRA6 or RBP4 reduced the number of viable cells over time ([Figure 2](#fig2){ref-type="fig"}D). To test whether apoptotic properties were affected we treated SW480 cells with etoposide, a DNA-damaging agent. Etoposide treatment (72 hr) induced the cleavage of the apoptotic marker caspase-3 in control cells ([Figure 2](#fig2){ref-type="fig"}E). Knockdown of STRA6 or RBP4 increased the levels of cleaved caspase-3 compared with control cells stably expressing non-target shRNA ([Figure 2](#fig2){ref-type="fig"}E). The main characteristics of CSCs are their ability to proliferate indefinitely, reduce apoptotic rate, and self-renew ([@bib40]). Our data so far demonstrate that both STRA6 and RBP4 affect cell proliferation and apoptosis, and therefore we next aimed to examine their effect on self-renewal. Analysis of the rectal cancer dataset showed upregulation of stemness markers, NANOG and LGR5 ([Figure S2](#mmc1){ref-type="supplementary-material"}A). Hence, we investigated the effect of this pathway on the expression of core transcription factor machinery that regulates pluripotency. NANOG and SOX2 are key regulators of stem cell signature in embryonic ([@bib35]) as well as CSCs ([@bib2], [@bib41], [@bib45]). Knockdown of STRA6 or RBP4 in SW480 colon carcinoma cells decreased the levels of NANOG and SOX2 ([Figures 2](#fig2){ref-type="fig"}F and 2G). This effect was accompanied by a decrease in phosphorylated STAT3 levels ([Figure S2](#mmc1){ref-type="supplementary-material"}B). Although STRA6 has a known role in intracellular transport of vitamin A in some tissues, ablation of STRA6 is established to have no effect on the levels of retinol or its oxidized product, retinoic acid, in most tissues ([@bib7]). We verified that knockdown of STRA6 or RBP4 does not affect the levels of an endogenous target of retinoic acid, RARβ, in SW480 cells ([Figure S2](#mmc1){ref-type="supplementary-material"}C). In addition, by using a Retinoic Acid Response Element (RARE)-luciferase reporter, we confirmed that knockdown of STRA6 or RBP4 in SW480 cells did not alter retinoic acid-dependent signaling ([Figure S2](#mmc1){ref-type="supplementary-material"}D). Together, these data suggests that the RBP4-STRA6 pathway imparts pro-survival properties and is necessary for maintaining the expression of core stem cell transcription factors in SW480 cells.Figure 2RBP4-STRA6 Pathway Is Necessary for Expression of CSC Markers(A) Cell lysates from SW480 cells transfected with non-target, STRA6, or RBP4 shRNA were run on SDS-PAGE and immunoblotted with indicated antibodies.(B and C) mRNA levels of *STRA6* (B) and *RBP4* (C) in the indicated SW480 stable lines. Data are presented as mean ± SD from n = 3 independent experiments ^∗^p \< 0.05; ^\#^p \< 0.01.(D) Viability of SW480 cells stably expressing control, STRA6, or RBP4 shRNAs measured in triplicates for 5 days using trypan blue and Countess II FL. Data are presented as mean ± SE. ^∗^p \< 0.05, significant difference between control and individual cell lines at each time point.(E) Representative immunoblots of total and cleaved caspase-3 on cells in (A) treated with 10 μM etoposide for 72 hr.(F and G) Representative immunoblots from three independent experiments showing levels of SOX2 and NANOG in SW480 stable lines. Cells were grown in delipidated medium for 18 hr before harvesting. Actin was used as loading control.

The RBP4-STRA6 Pathway Is Necessary for Xenograft Growth and Survival {#sec2.3}
---------------------------------------------------------------------

We have previously shown that knockdown of STRA6 in SW480 cells decreases tumor growth in a xenograft model ([@bib8]). This was also accompanied by a delay in tumor initiation ([@bib8]). To assess the role of RBP4 in tumor progression, we subcutaneously injected the SW480 line, in which RBP4 was stably downregulated using shRNA, into athymic nude mice. Decreasing RBP4 levels slowed the kinetics of tumor progression ([Figure 3](#fig3){ref-type="fig"}A). RBP4 knockdown caused a more than 3-fold reduction in tumor volume ([Figures 3](#fig3){ref-type="fig"}B and 3C) and significantly attenuated tumor initiation as indicated by the formation of only two tumors out of eight injected animals, unlike the control in which every injection resulted in tumor formation ([Figure 3](#fig3){ref-type="fig"}D). We examined the effect on stemness markers by analyzing the tumors resected at the endpoint of the experiment. As expected, RBP4 expression was reduced in knockdown tumors ([Figure 3](#fig3){ref-type="fig"}E). SOX2 and LGR5 expression were trending toward a decrease in RBP4 knockdown tumors ([Figures 3](#fig3){ref-type="fig"}F and 3G). Consistent with gene expression, SOX2 protein levels were also reduced in the shRBP4 tumors ([Figure 3](#fig3){ref-type="fig"}H). Phosphorylated STAT3 levels were also trending toward a decrease in shRBP4 tumors ([Figures 3](#fig3){ref-type="fig"}I and 3J). The effect of RBP4 presented above, together with the previously shown effect of STRA6 on tumor progression ([@bib8]), establish a role for the RBP4-STRA6 pathway in tumor initiation and suggest a potential role in the maintenance of colon CSCs.Figure 3RBP4 Drives Tumor Survival of SW480 Cells(A) Tumor growth in athymic NCr mice injected with SW480 cells (5 × 10^6^) stably expressing non-target or RBP4 shRNA. Data for control tumors are mean ± SE (n = 8 tumors).(B) Tumor volumes of individual tumor at 15 days after injection are plotted. Mean (n = 8 tumors) and SE for the control are shown.(C) Representative tumors are shown that originate from SW480 cells stably expressing control or RBP4 shRNA.(D) Average tumor volume at experimental endpoint and number of tumors initiated in each group are shown in the table.(E--G) Levels of RBP4 (E), SOX2 (F), and LGR5 (G) mRNAs in SW480 tumors. Mean and SE for the control samples (n = 4 tumors) are shown.(H) Immunoblots showing levels of SOX2 and GAPDH.(I) Immunoblot showing levels of p-STAT3 and total STAT3 in SW480.(J) Immunoblots in (I) were quantified using ImageJ software, and fold changes are presented. Mean and SEs for the control samples (n = 4 tumors) are shown.

STRA6 and RBP4 Regulate Colon CSC Maintenance {#sec2.4}
---------------------------------------------

To test the effect of STRA6 and RBP4 on colon CSC maintenance, we performed an *in vitro* tumorsphere formation assay. Knockdown of STRA6 or RBP4 abrogated the ability of SW480 cells to initiate sphere formation ([Figure 4](#fig4){ref-type="fig"}A). To quantitatively assess differences in sphere-initiation ability due to changes in stem cell fraction, we performed a limiting dilution assay (LDA), a collective measure of proliferation, survival, and self-renewal. LDA showed that the sphere-initiating cell frequency was decreased upon knockdown of STRA6 (2.4- to 3.1-fold) or RBP4 (3.7- to 4.8-fold), indicating reduced stem cell maintenance ([Figures 4](#fig4){ref-type="fig"}B and [S3](#mmc1){ref-type="supplementary-material"}A). To assess whether tumor-initiation efficiency of CSCs is affected, we performed an *in vivo* LDA whereby limiting dilution series of cells were injected into NOD-SCID IL2Rgamma (NSG) mice. Downregulating STRA6 or RBP4 reduced the tumor-initiating cell frequency by ∼4.5-fold ([Figures 4](#fig4){ref-type="fig"}C and [S3](#mmc1){ref-type="supplementary-material"}B). An *in vitro* secondary LDA from cells dissociated from control or STRA6 knockdown tumors showed a sustained decrease in sphere re-initiation frequency ([Figure S3](#mmc1){ref-type="supplementary-material"}C). CD44 staining was used to enrich for CSCs present in the control tumors. Similarly to the stem cell marker LGR5, STRA6 and RBP4 expression levels were higher in the CSC fraction compared with the non-CSC fraction ([Figure S3](#mmc1){ref-type="supplementary-material"}D). We extended this analysis further to a metastatic colon cancer cell line derived from a patient-derived xenograft (PDX 656). We verified that CD44 can be used as a marker to enrich for CSCs in the PDX line by performing an LDA. Indeed, the CD44-enriched population (CD44^+^) showed higher sphere-initiating cell frequency compared with the CD44^−^ fraction ([Figure S4](#mmc1){ref-type="supplementary-material"}A), indicating a CD44^+^ population enriched with CSCs. RNA analysis of CD44^−^ versus CD44^+^ populations showed that STRA6 expression was higher in the CSC fraction together with a moderate enrichment of NANOG ([Figure S3](#mmc1){ref-type="supplementary-material"}E). LGR5 and RBP4 expression were not different between the two cell populations ([Figure S3](#mmc1){ref-type="supplementary-material"}E). Together, these results suggest that the RBP4-STRA6 pathway is necessary for maintenance of the colon CSC pool.Figure 4STRA6 and RBP4 Maintain CSC Frequency(A) Low-magnification images of SW480 cells grown as non-adherent spheres. Loss of sphere formation ability upon STRA6 or RBP4 knockdown is shown.(B) (Upper panel) Sphere-initiating cell frequency from an *in vitro* limiting dilution assay was calculated using ELDA software. A representative frequency estimate calculated from 24 biological replicates of each cell dose is shown. Error bars represent 95% confidence intervals. ^∗^p \< 0.05. (Lower panel) Stem cell frequency estimates within confidence intervals and fold-change differences between control and designated lines.(C) (Upper panel) SW480 cells stably transfected with STRA6 or RBP4 shRNA were injected at limiting doses into NOD-SCID gamma mice (n = 5--6 for each dose) and the ability to initiate tumor formation was evaluated. Plots show tumor-initiating cell frequency calculated using ELDA software. Error bars represent 95% confidence intervals.^∗^p \< 0.05. (Lower panel) Stem cell frequency estimates within confidence intervals and fold changes between control and indicated lines.

STRA6 and RBP4 Regulate Stemness in a Patient-Derived Xenograft {#sec2.5}
---------------------------------------------------------------

To examine the contribution of the RBP4-STRA6 pathway to CSC maintenance in human specimens, we downregulated STRA6 and RBP4 using shRNAs in a PDX cell line ([Figure S4](#mmc1){ref-type="supplementary-material"}B). Decreased expression of STRA6 or RBP4 resulted in reduced sphere-initiating cell frequency in a LDA *in vitro* ([Figures 5](#fig5){ref-type="fig"}A and [S4](#mmc1){ref-type="supplementary-material"}C). Knockdown of STRA6 or RBP4 also caused a substantial decrease in the percentage of CD44^+^ cells ([Figure 5](#fig5){ref-type="fig"}B). These data indicate a significant role for the RBP4-STRA6 pathway in CSC maintenance.Figure 5RBP4-STRA6 Pathway Maintains CSC Frequency in a PDX Model(A) Sphere-initiating cell frequency of PDX 656 cells stably transfected with control or STRA6 (left) or RBP4 (right) shRNAs. A representative frequency estimate calculated from 24 biological replicates of each cell dose is shown. Error bars represent 95% confidence intervals. ^∗^p \< 0.05. Stem cell frequency estimates within confidence intervals and fold differences between control and designated lines are shown in the table on the far right.(B) Distribution of CD44-negative and -positive cells upon stable knockdown of STRA6 (top) or RBP4 (bottom) in PDX 656. FITC-immunoglobulin G (IgG) isotype control was used to set up the gates. Percentage of cells in each fraction is shown.

High-Fat Diet Induces STRA6-Dependent LGR5 Expression in a Colon Cancer Xenograft {#sec2.6}
---------------------------------------------------------------------------------

A recent study reported that HFD-induced obesity can increase intestinal stem cells and may thereby affect colon cancer risk ([@bib9]). Because of the established role of the RBP4-STRA6 pathway in diet-induced metabolic syndrome ([@bib7], [@bib49]) and the results presented above on their role in CSC maintenance, we investigated whether the RBP4-STRA6 pathway could provide a link between HFD feeding and colon cancer stemness. To delineate the role of HFD and eliminate obesity as a confounding factor, we used athymic nude mice that are resistant to HFD-induced obesity ([@bib32]). This provided an important tool to investigate the impact of HFD on stemness independent of obesity. Mice that were fed either normal chow or HFD for 15 weeks were then injected subcutaneously with SW480 cells stably expressing control (shGFP) or STRA6 shRNA, and tumor growth was monitored for 2 additional weeks while being maintained on the dietary regimen. No differences were found in food intake ([Figure S5](#mmc1){ref-type="supplementary-material"}) or body weight of mice on the different diets ([Figure 6](#fig6){ref-type="fig"}A). However, serum levels of RBP4 were increased by high-fat feeding ([Figure 6](#fig6){ref-type="fig"}A, inset). In our recent publication, we showed that STRA6 knockdown delayed tumor initiation by 4 days and decreased tumor progression in mice fed normal chow ([@bib8]). Here, we examine the effect of HFD on tumor growth in the presence and absence of STRA6. Knockdown of STRA6 significantly decreased tumor progression on an HFD ([Figure 6](#fig6){ref-type="fig"}B) and final tumor volumes were decreased on both regular rodent chow diet (RD) and HFD ([Figure 6](#fig6){ref-type="fig"}C). HFD caused a significantly increased tumor growth by about 1.8-fold in control tumors, and the tumor burden ([Figure 6](#fig6){ref-type="fig"}C) was also higher compared with mice fed normal chow (mean ± SE tumor volume 389.37 ± 42.81 \[shControl-RD\] versus 686.92 ± 112.07 \[shControl-HFD\]; p \< 0.05). However, HFD did not induce a significant increase in tumor growth in shSTRA6 cells (tumor volume 85.37 ± 13.48 \[shSTRA6-RD\] versus 219.16 ± 35.08 \[shSTRA6-HFD\]; not significant) ([Figure 6](#fig6){ref-type="fig"}C). The HFD-mediated increase in tumor growth in control tumors was accompanied by at least a 2-fold increase in STRA6 levels ([Figure 6](#fig6){ref-type="fig"}D).Figure 6HFD Increases STRA6 and LGR5 in a Xenograft Model(A) Body weight of NCr nude mice fed either a regular rodent chow (RD) or a high-fat/high-sucrose diet (HFD) for 18 weeks. Arrow indicates the time point (15 weeks) at which cells were injected. Inset: immunoblot of RBP4 in serum of RD- or HFD-fed mice after 15 weeks. Data are mean ± SEM (n = 10 mice).(B) NCr male mice in (A) were injected with 5 × 10^6^ SW480 cells stably expressing GFP shRNA or STRA6 shRNA after 15 weeks on HFD. Tumor growth at both injected sites was monitored twice a week. Data are mean ± SEM (n = 7--9 tumors). ^\#^p \< 0.01(C) Tumor volumes at endpoint of the experiment in (A). Data are mean ± SEM (n = 7--9 tumors). ^∗^p \< 0.05; ^\#^p \< 0.01. Fold changes in tumor volume between different conditions and their statistical analysis is shown in the table on the right.(D) (Top) Immunoblot for STRA6 in tumors at endpoint in (A). (Bottom) Quantification of the immunoblot. Data are mean ± SEM (n = 3 tumors). ^∗∗^p \< 0.05.(E and F) Expression levels of *SOX2* (E) and *LGR5* (F) in tumors at endpoint in (B). Data are mean ± SEM (n = 3--5 tumors). ^∗^p \< 0.01; ^∗∗^p \< 0.05.(G) Immunoblot for pSTAT3 in tumors arising from SW480 stable lines in mice fed an HFD (top) and the quantification of the immunoblot (bottom). Data are mean ± SEM (n = 3 tumors). ^\#^p \< 0.01(H) Expression levels of STAT3 target genes in the same tumors in (G) from mice fed an HFD. Data are mean ± SD (n = 3 tumors). ^\#^p \< 0.01.

Reducing STRA6 levels delayed tumor initiation ([Figure 6](#fig6){ref-type="fig"}B) in addition to decreasing tumor progression. Analysis of the tumors showed that the delay in tumor initiation was associated with decreased expression of stem cell marker SOX2 ([Figure 6](#fig6){ref-type="fig"}E). Interestingly, HFD feeding caused a significant increase in the levels of LGR5 ([Figure 6](#fig6){ref-type="fig"}F). Although LGR5 was only trending toward a decrease on RD, its marked upregulation on HFD feeding was significantly abrogated by downregulating STRA6 ([Figure 6](#fig6){ref-type="fig"}F). In addition, loss of STRA6 in HFD was accompanied by a decrease in phosphorylation of STAT3 ([Figure 6](#fig6){ref-type="fig"}G) and reduced expression of JAK-STAT target genes, VEGFA, MYC, and MMP9 ([Figure 6](#fig6){ref-type="fig"}H). These data indicate that HFD induces tumor progression together with the levels of STRA6 and LGR5, and this effect is at least partly regulated by the RBP4-STRA6 pathway.

Discussion {#sec3}
==========

Proteins involved in vitamin A signaling and retinoic acid metabolism including STRA6 ([@bib8], [@bib44]), RBP4 ([@bib8]), and many intracellular lipid binding proteins ([@bib28], [@bib30]) have been implicated in tumorigenesis of several cancers. However, not much is known about a possible role of these pathways in CSC maintenance. Here we show a role of the RBP4-STRA6 pathway in regulating and maintaining colon CSCs. Cancer stem cell properties are thought to contribute to tumor recurrence, therapeutic resistance, and metastasis in colon cancer ([@bib45]). Indeed, our data show that STRA6 and RBP4 are upregulated in colorectal cancers compared with normal colon, and also in more advanced disease with worse prognosis. Furthermore, we establish a connection between high fat intake and colon cancer risk via the RBP4-STRA6 pathway.

Our data clearly indicate that RBP4-STRA6 pathway is necessary for the optimal expression of stem cell markers such as NANOG, SOX2, and LGR5, and thereby for maintaining the colon CSC pool. One possible mechanism by which the RBP4-STRA6 pathway could regulate stemness is via STAT3 activation. STAT3 is known to play a role in cancer progression and stemness ([@bib11]). Activated STAT3 can bind to regulatory elements on the promoters of the core pluripotency transcription factors NANOG, SOX2, and OCT4 in embryonic stem cells ([@bib16], [@bib17]). We have established that activation of the RBP4-STRA6 pathway results in phosphorylation of STAT3 ([@bib5], [@bib6], [@bib7], [@bib8], [@bib4]), suggesting that STAT3 activation may directly regulate expression of these targets in CSCs.

A recent report on the structural determination of STRA6 revealed a new interacting partner, calmodulin (CaM) ([@bib13]). It is interesting to note that calmodulin and CaM-dependent pathways have established roles in differentiation of stem cells and decreasing CSC maintenance in a glioblastoma model ([@bib3], [@bib43]). An interesting possibility could be that the RBP4-STRA6 pathway is maintained at a resting state while bound to CaM resulting in a differentiated program, while its aberrant activation during colon cancer pathologies lead to increased stem cell properties and tumor progression.

Furthermore, our work reveals a role for the RBP4-STRA6 pathway in regulating HFD-induced expression of LGR5 independent of obesity and, subsequently, the increased kinetics of tumor progression. A latest report shows a potential mechanism by which HFD upregulates LGR5 and stemness by activating the Wnt pathway ([@bib9]). Interestingly, Wnt activity has also been previously shown to increase STRA6 expression together with retinoic acid ([@bib44]). These studies together with the data presented here suggest a possible diet-induced crosstalk between the Wnt pathway and the RBP4-STRA6 pathway in colon carcinogenesis.

Our results show that RBP4 expression in tumors and not serum RBP4 levels were associated with aggressive forms of colon cancer ([Figures 1](#fig1){ref-type="fig"}H and 1I). This is in agreement with our previous study showing that SW480 cells secreted RBP4 into culture medium, activating STRA6 signaling in an autocrine manner ([@bib8]). These results indicate that the intratumoral concentration and secretion of RBP4 into the tumor microenvironment seem to mediate CSC properties. However, an additional STRA6-independent role for RBP4 cannot be completely dismissed. In fact, RBP4 has been shown to play a role in TLR4-mediated inflammatory signaling and insulin resistance independent of STRA6 ([@bib36]). The exact contributions of intracellular and serum RBP4 to colon CSC maintenance remains to be clarified.

Experimental Procedures {#sec4}
=======================

Reagents {#sec4.1}
--------

Non-target shRNA control (SHC002) and RBP4shRNAs (TRCN0000060038 \[\#1\] and TRCN0000060039 \[\#2\]) were purchased from Sigma. STRA6shRNAs (TRCN0000128799 \[\#2\] and TRCN0000129158 \[\#1\]) and EGFP (RHS4459) were from Open Biosystems. Epidermal growth factor (EGF) was from Stem Cell Technologies and basic fibroblast growth factor (FGF) was from Peprotech. Etoposide, insulin, and heparin were purchased from Sigma. Viable cells were counted after trypan blue staining using Countess II FL (Life Technologies). Human RBP4 in serum samples of patients was quantified using an RBP4 Quantikine ELISA kit (R&D Systems) following the manufacturer\'s protocols.

Cell Culture and Transfection {#sec4.2}
-----------------------------

Cell lines were obtained from ATCC and periodically checked for mycoplasma contamination using a mycoplasma detection kit (Sigma). SW480 colon adenocarcinoma cells were maintained as adherent cultures in McCoy\'s 5A medium supplemented with 10% fetal bovine serum (FBS) and penicillin-streptomycin (Corning). 293T cells were cultured in DMEM with 10% FBS. Transient transfections were performed using Polyfect (Qiagen). Stable knockdowns were obtained by lentiviral shRNA infections. Lentiviral packaging was achieved in 293T cells by co-transfecting with packaging (pCMV) and envelope (pMD2.G) plasmids. Puromycin was used to select for stable cell lines.

Patient-Derived Xenograft Cell Line {#sec4.3}
-----------------------------------

A patient-derived xenograft cell line (PDX 656) from brain metastasis of colon cancer (patient ID: 656) has been previously described ([@bib29]) and was maintained by passaging in NSG mice. Authenticity was verified by comparing the histology with the parental tumor. PDX 656 cells were grown as non-adherent cultures in DMEM/F12 medium supplemented with 1× B27 supplements (Life Technologies), insulin, 20 ng/mL EGF, 10 ng/mL FGF, and 4 μg/mL heparin.

Flow Cytometry {#sec4.4}
--------------

All flow-cytometry analyses were performed at the Lerner Research Institute Flow Cytometry core. Cells were processed in flow buffer (0.5% BSA, 2 mM EDTA in PBS) and DAPI-negative viable cells were sorted on a BD FACSAria II. CD44-fluorescein isothiocyanate (FITC) (BD Biosciences, \#555478) antibody was used to stain CD44. Enrichment of CD44-positive cells was performed by magnetic labeling of the cells with CD44 microbeads (Miltenyi Biotech, \#130-095-194) followed by separation on a MACS column (Miltenyi Biotech).

Western Blotting {#sec4.5}
----------------

Cells and tumors were lysed in RIPA buffer (150 mM NaCl, 10 mM Tris \[pH 7.5\], 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, 5 mM EDTA, and Halt protease inhibitor cocktail \[Pierce\]) and total protein was quantified using Bio-Rad protein assay reagent. An equal amount of protein was loaded on 10% or 15% SDS-PAGE gels and immunoblotted. STRA6 antibody was generated in the Lerner Research Institute Molecular Biotechnology core as previously described ([@bib7], [@bib10]). RBP4 antibody was purchased from Atlas Antibodies (HPA001641) and serum RBP4 was blotted using antibody from Dako (\#A0040). Antibodies to NANOG (\#4903), SOX2 (\#3579), STAT3 (\#4904), and phospho-STAT3 (Y705) (\#9145) were from Cell Signaling Technology. RARβ (SC-552), βActin (SC-47778), and GAPDH (SC-32233) antibodies were from Santa Cruz Biotechnology.

RNA Isolation and RT-PCR Analysis {#sec4.6}
---------------------------------

RNA isolation was carried out using RNAZol reagent (MRC). RNA was reverse transcribed and cDNA was generated using the Ecodry RNAtocDNA kit (Clontech). Expression analysis was performed using TaqMan Fast Universal PCR Master Mix in a StepOnePlus Real-Time PCR system (Thermo Fisher) with Taqman probes (Thermo Fisher): 18s (4352930) rRNA, STRA6 (Hs00980261_g1), RBP4 (Hs00924047_m1), MMP9 (Hs00957562_m1), MYC (Hs99999003_m1), VEGFA (Hs00900055_m1), NANOG (Hs04399610_g1), SOX2 (Hs01053049_s1), and LGR5 (Hs00969422_m1).

Mouse Experiments {#sec4.7}
-----------------

Six-week-old NCr/nude male mice were injected with 5 × 10^6^ SW480 cells stably expressing control SHC002 (shControl) into the right flank and SW480 cells stably expressing shRBP4 \#1 (TRCN0000060038) into the left flank. Tumor growth was monitored using a vernier caliper every 2 days. Tumor volumes were calculated using (length × width^2^/2).

*In Vivo* Limiting Dilution Assay {#sec4.8}
---------------------------------

SW480 cells stably transfected with control (shControl), STRA6 (shSTRA6 \#1), or RBP4 (shRBP4 \#1) shRNAs were used. Limiting doses of viable cells were injected subcutaneously into 6-week-old NOD-SCID gamma (NSG) male mice. For control and STRA6 knockdown, 10,000, 5,000, and 1,500 cells each were used (n = 5). Limiting dilution assay with RBP4 knockdown was performed with 250,000 (n = 5), 15,000 (n = 5) and 1,500 (n = 6) cells. Six weeks after injection, mice were scored for the presence of palpable tumors. The dose of cells injected to the fraction of mice without tumors was plotted and slope of the graph was used to estimate the fraction of stem cells using extreme limiting dilution analysis (ELDA) software. The term "tumor-initiating cell frequency" is used to define the estimated fraction of stem cells based on their ability to initiate tumor formation *in vivo*. Tumor-initiating cell frequency was calculated using ELDA software (<http://bioinf.wehi.edu.au/software/elda/>) ([@bib23]).

High-Fat Diet Studies {#sec4.9}
---------------------

Six-week-old NCr/nude male mice were separated into two groups and were fed either a regular rodent chow (RD) or a high-fat/high-sucrose diet (D12331) for 18 weeks. Body weight was recorded every week. After 15 weeks, plasma RBP4 levels were verified to be increased upon HFD feeding, and mice were injected with 5 × 10^6^ SW480 cells stably expressing GFP shRNA into the left flank and SW480 cells stably expressing STRA6 shRNA \#1 into the right flank. Tumor size was measured using a vernier caliper at both injection sites twice a week. Tumor volumes were calculated using (length × width^2^/2).

Sphere Formation Assay {#sec4.10}
----------------------

SW480 cells were grown as spheres in DMEM/F12 supplemented with B27 (Life Technologies), 20 ng/mL EGF, and 20 ng/mL FGF. Viable cells were sorted at limiting doses (1, 2, 5, and 10 cells) into 96-well non-tissue-culture-treated plates and spheres were scored 12 days after growth at 37°C and 5% CO~2~. The dose of cells to the fraction of wells without spheres was plotted, and the slope of the graph was used to estimate the fraction of stem cells using ELDA software. The term "sphere-initiating cell frequency" is used to define the estimated fraction of stem cells based on their ability to initiate sphere formation in culture.

Patient Data and Microarray Analysis {#sec4.11}
------------------------------------

All human tissues were acquired from primary human colorectal tumor patient specimens according to human experimental guidelines. Human protocols were approved by the Institutional Review Board of the Cleveland Clinic Foundation (IRB 4134). Frozen tissue samples from nine normal and nine tumor specimens used in [Figure 1](#fig1){ref-type="fig"}B were cut using a Leica CM1850 cryostat in 10-μm sections, and RNA was extracted using the RNAqueous Total RNA Isolation kit (AM1912, Ambion).

We used previously published microarray datasets on patient samples to examine the expression levels of STRA6 and RBP4. In brief, tissue samples from normal (n = 25) and rectal cancer patients (n = 113) were used to isolate RNA and data were generated using the Illumina platform, described in detail in [@bib21]. Samples from 33 rectal cancer patients who underwent standard neoadjuvant chemoradiation therapy with 5,040 Gy radiation and 5-fluorouracil were included to evaluate therapy response. Tumor samples resected during curative proctectomy were stratified as pathological complete responders (complete response) or partial or incomplete responders (Incomplete response). RNA isolation followed by microarray analysis using Illumina Platform human-6 v2 containing 48,701 probes was performed for all the samples and have been previously described ([@bib18]).

For expression analysis of RBP4, matched primary colon and liver metastatic samples (n = 18) were used for RNA isolation and microarray as described above. Furthermore, early-stage rectal cancer patients (n = 113) treated exclusively by surgery were followed up for a 3-year period and classified based on tumor relapse. Microarray data were generated from recurrent and non-recurrent rectal cancer patients (n = 113) using an Illumina-based Sentrix Human-6 Expression Beadchip described in detail previously ([@bib24]). Another dataset comprising of stage II and III colon adenocarcinoma patient samples (n = 84) was used to isolate genomic DNA and RNA. Genomic DNA was tested for ten different microsatellite markers and stratified as microsatellite instability-high (\>30% of markers) or microsatellite instability-low/stable (≤30% of markers). A detailed description of the panel of microsatellite markers used and the analysis are described in [@bib42]. KRAS-mutation status of tumor samples was identified based on PCR amplification of KRAS region followed by sequencing ([@bib42]). Microarray on these RNA samples was performed using Illumina Human-6 Expression v2 Beadchip as detailed in [@bib20]. STRA6 and RBP4 expression were compared between the aforementioned groups.

Database and Statistical Analysis {#sec4.12}
---------------------------------

Statistical analysis was performed using Student\'s t test. When more than two groups were analyzed, one-way ANOVA was used to calculate statistical significance. Pearson's coefficient was used to analyze correlation of gene expression using GraphPad Prism 5. Survival data were downloaded from cBioPortal (<http://www.cbioportal.org/>) ([@bib12], [@bib19]) and Kaplan-Maier analysis was performed using GraphPad Prism 5. Patients with STRA6 or RBP4 expression greater than 1 SD of mean of all patients were classified as the high-expression group.

RARE Transactivation Assay {#sec4.13}
--------------------------

SW480 cells were transfected with RARα, RARE-driven luciferase reporter, and β-galactosidase in triplicates. Eighteen hours after transfection, cells were treated with serum-free medium containing 1 μM retinoic acid for 18 hr. Cells were then lysed, and luciferase activity was measured by following the manufacturer\'s protocol (Promega) and normalized to β-galactosidase to control for transfection efficiency.
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